We are developing a one-sided tomographic method for imaging prompt gamma rays, without moving the source, sample, or detector, in a standard prompt gamma activation analysis setting. Dual-plane pixelated CdZnTe detectors developed from a commercial system with external timing synchronization electronics are used to measure prompt gamma rays that are scattered in the first plane and subsequently absorbed in the second plane. Tomographic images have been reconstructed from the 2.2 MeV gamma rays from H in 3 mm plastic balls using inter-plane events for the first time, demonstrating the feasibility of spatially resolving mm scale H features.
Introduction
The current state of the art in spatially resolved PGAA is achieved by collimating either the incident neutron beam or the emitted gamma rays, requiring scanning of the sample or collimator [1] . In Compton imaging tomography, the gamma ray photons may be used to reconstruct 3D elemental distribution within a solid sample, without rotating the sample or the source-detector as in conventional transmission tomography. This approach has been developed as a proton beam range finder for proton beam cancer therapy in a clinical setting [2] and has recently been investigated for use in the neutron capture prompt gamma environment [3] . Employing the principle of Compton Telescope, a Compton imaging spectrometer comprised of dual plane pixelated CdZnTe (CZT) detectors has been developed from the commercial H3D system 1 [4] . The external timing electronics generate a list of the coincident events between the two planes, and a list-mode Maximum-likelihood Expectation Maximization (MLEM) algorithm [5] is used to estimate the spatial distribution of the origin of the prompt gamma ray emission. We report preliminary findings of imaging the H 2.2 MeV gamma ray peak in a standard cold neutron beam PGAA setting. Measurements have been performed to assess the feasibility of spatially resolving H features in plastic test samples in the mm scale, as well as the performance of multi-elemental imaging and quantification. Challenges such as limited dynamic range due to high prompt gamma background are addressed. This study will aid detector design and reconstruction software development for PGAA of real samples in the future.
Theory
The principle of Compton imaging is simple and elegant ( Fig. 1) , and the implementation of which has seen success in looking for "hot" spot on a "cold" background, such as radioactive sources in normal ambient condition, thanks to the rapid development of the thick pixelated CdZnTe detectors and application-specific integrated circuit (ASIC) readout electronics [6, 7] . These detectors offer excellent 3D-position resolution for imaging (about 0.5 mm at 662 keV) and good energy resolution (1% FWHM at 662 keV) without the need for cryogenic cooling [8] . However, their implementation in the PGAA environment where both source and background rates are relatively high is especially challenging. We are interested in assessing the feasibility in spatially resolving H using the 2.2 MeV prompt gamma peak. Our prototype Compton camera (CC) consists of two detector planes of about 19 cm 3 CZT each with variable distance in between, labeled R 2 in Fig. 1 . Gammas that scattered once in Plane 1 and then photoelectrically absorbed in Plane 2 were used for imaging. The Compton scatter formula was used to estimate the opening angle θ of each Compton conewhose axis is defined by the x-y-z coordinates of the first and second interactions-as a function of measured energy depositions E 1 and E 2 . Spatial resolution is influenced by the uncertainties of all these parameters [9] , which are in turn influenced by source-scatter plane distance R 1 , inter-plane distance R 2 , detector resolution ΔE, and detector pixel size Δxyz.
Larger R 2 reduces uncertainty in cone axis direction at the cost of imaging efficiency. The performance of a prototype dual-plane Compton camera (CC) hinges upon the ability to obtain an "inter-plane" prompt gamma spectrum in the PGAA setting. This is the spectrum of coincident interactions between Planes 1 and 2 where only photopeak events are used for imaging. Source activity, R 1 , R 2 , and detector inter-plane timing resolution (about 300 ns for 511 keV annihilation gammas) affect the ratio of true to chance coincidence.
Experimental setup
The CC was put together from two independently controlled modules; the coincident timing critical to event sequencing needs assessment in the integrated system. Therefore, "standard" laboratory testing was necessary to establish the "ground truth", i.e. what is achievable under ideal conditions in terms of spatial and energy resolutions, which are governed by all the factors listed above, before the instrument could be used in the prompt gamma environment.
Laboratory testing
Prior to conducting measurements at the cold neutron beam PGAA station at Neutron Guide D (NGD) of NIST Center for Neutron Research (NCNR), the dual-plane detector Compton Camera (CC) assembly was tested in a laboratory, schematically shown in Fig. 2 . The first set of measurements were of Co-60; the 1332 keV line was used for imaging. At 10-cm interplane distance, the CC's angular resolution was about 2°, with a photopeak efficiency of 0.017%. From these measurements, the ratio of true to chance coincidence The spatial information is determined by statistical reconstruction of the scattered events governed by the Compton energy-angle correlation. Each scatter-absorption event pair corresponds to a cone space satisfying the Compton formula, where m 0 is electron rest mass, c is the speed of light in vacuum, E is the incident gamma photon energy, determined by the nuclear capture by the particular isotope, E 1 is the kinetic energy of the recoiled electron (assumed to deposit entirely in the first plane), E 2 is the energy of the scattered photon (assumed to deposit entirely in the second plane)
Fig. 2
Schematic drawing of the laboratory testing before performing in situ measurements at the PGAA instrument could be predicted reasonably well for interplane distances ≥ 10 cm by assuming isotropic scatter between planes.
PGAA in situ testing
The Compton camera was then tested at the NIST Center for Neutron Research (NCNR) at the NGD PGAA beamline, which provides 6.5 × 10 9 cm −2 s −1 nominal thermalequivalent flux at the sample position inside an evacuated chamber. The beam's cross section is roughly circular with 20 mm diameter. Beside the sample chamber sits a Pb cave that houses a 41% relative efficiency high purity germanium (HPGe) spectrometer surrounded by bismuth germanium oxide (BGO) scintillator for Compton suppression. This detector views the sample through a 2.54 cm Pb collimator perpendicular to the beam, about 60 cm away. Directly opposite the HPGe detector, on the other side of the sample chamber, is a stage with enough room for the CC and some additional shielding, schematically shown in Fig. 3 (shielding for CC not shown). The CC was positioned on this stage as close as possible to the sample chamber to achieve the best-possible spatial resolution at the sample location, at R 1 = 16 cm (sample to 1st plane distance) and R 2 = 7.8 cm (interplane distance).
Results and discussion

Laboratory testing
Chance coincidence was significant even for the 100 μCi sources used here, and we expected higher count rates at the PGAA location. The interplane timing resolution was degraded by the disparity of signal amplitudes in the two planes so that the timing resolution for Co-60 was about 0.4 μs FWHM. Energy spectra for the Co-60 measurement are shown in Fig. 4 as histograms of the total energy deposited in both scatter and absorption planes that occurred less than 1.3 μs apart. This window was chosen to encompass the uncorrected coincidence peak. Each count in the continuum from chance coincidence was the result of two or more gammas that happened to be detected close together in time due to the random nature of gamma emission. These events can be problematic for imaging because they are difficult to distinguish from true coincidence events from a single gamma.
The true and chance coincidence rates for these experiments at 1332 keV (obtained by integrating the peaks and background under the curves in Fig. 4 ) are plotted in Fig. 5 . The true rate closely follows 1/R 2 2 for 5 cm ≤ R 2 ≤ 20 cm. One might expect this behavior for isotropic scatter, where the inverse-square law applies. Although Compton scattering is not actually isotropic, the inverse square law was found to be a good approximation at 1332 keV. Figure 5 also shows that the chance rate falls off as the inverse squared distance between the source and absorption plane, or 1/(R 1 + R 2 ) 2 , where R 1 = 30 cm. This trend was expected, as the Co-60 source emits gammas isotropically. Roughly 10,000 counts per second of 1332 keV gamma photons were incident on the scatter plane. The conversion from photopeak counts per second (cps) to intrinsic photopeak efficiency is shown along the secondary vertical axis in Fig. 5 .
Compton images at 1332 keV were reconstructed from the Co-60 data using 20 iterations of the MLEM algorithm and shown in Fig. 6 . As expected, there was significant improvement in angular resolution for larger separation distances. Figure 6 also shows a horizontal (polar) slice through the center of the two Co-60 check sources, positioned 2° 
PGAA in situ testing
One of the main challenges was the significant source of background that degraded the peak-to-continuum ratio at 2.2 MeV. Initially, no inter-plane (time windowed) spectra was useful for image reconstruction. To investigate the nature of the background, both beam on and beam off measurements were performed. It was determined that the thin Al exit window which contains Mn contributed to the background, as evident by the beam off spectrum showing the 846 keV Mn-56 decay line. An image obtained by simple back projection of this peak points in the direction of the exit window (superimposed in the left side of Fig. 3 ). The source location was later confirmed by placing a Pb brick between the exit window and CZT; as a result, the 846-keV line was eliminated, along with the higher energy continuum originated from this direction. Additional shielding and attenuation measure included a Li glass plug was added directly in front of the exit window to block it from the beam, and a 6.4 mm W plate placed between the sample chamber and CC along with Pb shielding around the CC to cut down on scattered gammas. In this setup, the scatter-plane percent dead time was about 8% with the beam turned on without a sample.
Inter-plane H imaging
The first measurement was performed on two bundles of eight 1 mm-diameter polystyrene rods suspended on the sample holder using thin Teflon wire, schematically shown in Fig. 3 . Total bundle diameter was about 3 mm. Two measurements were recorded, one with center-to-center separation of 23 mm, the other 15 mm. Note that the sample plane is positioned at a 45° angle relative to the CZT. From the CC's perspective, the two bundles appeared 16 mm and 11 mm apart. Since the CC was positioned 16 cm away from the sample, these separations correspond to 5.7° and 3.9°, respectively. The bundles at 23 mm spacing was recorded for about 14 h. and the bundles at15-mm spacing was recorded for about 24 h. The interplane spectrum thus obtained is shown in Fig. 7 , together with another inter-plane spectrum acquired earlier from a parafilm disk before implementing additional shielding for comparison. The vast improvement of the peak-to-continuum ratio for these measurements can be attributed both to better shielding and a larger mass of H Inter-plane spectra obtained from a parafilm disk without shielding for background gamma rays (a) and from two bundles of polystyrene fibers (physically located at sample position, as illustrated in Fig. 3) at two difference spacings with improved shielding (b). The reconstructed images for the bundles at 23 mm spacing (c) and 15 mm spacing (d) in the beam line (many polystyrene rods compared to a thin parafilm disks). Most of the continuum beneath the 2.2 MeV photopeak was caused by chance coincidence from high count rates, not extraneous sources of neutron activation.
To form interplane images from these two data sets, a customized software Visualizer was used for post processing, both with 25 iterations of MLEM and 10 5 events. The distances between the two lines in the images correspond well with actual separations of the bundles (16 mm and 11 mm), shown in Fig. 7c, d . It is unclear why the bundle on the left appears hotter than the one on the right. It is possible the neutron flux was higher in that location.
Elemental identification and spatial distribution
The second test involved elemental identification in addition to H. A mixed bag of materials ( Fig. 8a) containing polystyrene, table salt, boron nitride, and titanium, was measured at the sample position, with the same R 1 and R 2 setting. However, the sample caused about 90% scatterplane dead time mainly due to the large mass of the Tialloy pin. The entire bag was lowered in the sample holder until CC dead time was less than 60%, with the Ti-alloy pin almost outside the beam. The measured interplane spectrum (Fig. 8c) shows several peaks atop a relatively large continuum. In addition to chance coincidence, the continuum contains counts from partial energy depositions, i.e., Compton continuum, from the higher-energy Ti and Cl prompt gammas. Figure 8b shows the interplane Compton images from H (2.22 MeV), Cl-35 (1.16 MeV), and Ti-48 (1.38 MeV). The 478 keV peak from B-10 capture was discernable but the high background precluded it from being useful for imaging, and the Ti-metal foil was too thin to be seen in the image alongside the larger Ti-alloy pin. The H, Cl, and Ti images each show a hotspot with slightly different shape and location. The overlay image (Fig. 8b) shows the relative positions of the hotspots with a cut at 75% of each hotspot's maximum.
The neutron beam profile roughly spanned − 6 mm ≤ y ≤ 11 mm, based on a later estimate. Given that the bottom edge of the beam was at about 11 cm from the beam center, the top edges of the polystyrene bundles and the table salt were inside the beam while the Ti-alloy pin was outside the beam. The pin may have still generated a significant prompt gamma signal because the polystyrene bundles scattered neutrons outside the beam. We estimate the y distance between the tip of the polystyrene bundles and the Ti-alloy pin to be roughly 15 mm in both cases. It is difficult to discern much detail from the shape of the H and Cl hotspots due to spatial resolution limitations and because the bag was turned 45° relative to the CC. However, the Cl hotspot is offset a few mm to the right of the H hotspot, which is in rough agreement with the placement of the two materials in the photo.
Linearity of response to hydrogen capture gammas
The third test was performed with the CC now having an adjustable interplane distance R 2 , and was set at R 1 = R 2 = 12 cm. The recent work of Chen et al. [3] has demonstrated the linearity of single-plane imaging response to H capture using pixelated CZT and similar electronics to our CC's. The same linearity measurement can be done for interplane events, but with some caveats. First, due to the CC's limited timing resolution, chance coincidence tends to generate a significant continuum beneath the photopeak that must be subtracted to calculate net counts. Furthermore, our CC was positioned closer to the sample for imaging, causing high dead time, i.e., a nonlinear response to interaction rate that must be corrected for.
To show that these effects can be corrected for accurately, four measurements of increasing H mass were recorded and the resulting interplane spectra were analyzed. Different numbers of three-mm-diameter Delrin balls were used to generate the four interplane spectra. Delrin is a synthetic polymer with chemical formula (CH 2 O) n and has density of about 1.4 g/cm 3 .
We did not implement an event-by-event dead time correction here, but rather used an approximation based on the overall dead time from each individual plane. This approximation assumes that all events in both planes have a uniform random distribution over time such that the percent live time for interplane events is the product of the percent live times from the individual planes. This approximation is most accurate for measurements with relatively high chance coincidence rates such as these. Using this approximation, we calculated dead times for the 1, 3, 5, and 6-ball measurement to be 33%, 53%, 59%, and 61%, respectively. Figure 9 shows a linear trend for interplane CZT versus HPGe counts. Net photopeak counts for CZT spectra were estimated by subtracting counts within a continuum energy window (2.47-2.50 MeV) from counts within the photopeak energy window (2.20-2.23 MeV). Photopeak linearity implies imaging linearity, but there were not enough imageable counts in these data to verify this. Note that a slope of 0.0067 indicates the CC had 0.67% efficiency for interplane events, relative to the HPGe detector whose absolute efficiency is about 2.5E−5 for 2.2 MeV at 60 cm from sample. For the individual spectra of scatter and absorption planes, the fit was also linear (R = 0.9975 and 0.9996, respectively) with slopes of 0.56 and 0.17, respectively, giving a total detection efficiency of 0.73, or 73%. From the ratio of the measured interplane efficiency of 0.67% to the sum of the efficiencies of the two individual planes, we can infer that the CC's interplane efficiency was 0.9% of the total efficiency at 2.2 MeV.
Spatial resolution of H
Three 3-mm-diameter Delrin spheres were arranged in a triangular pattern to test spatial resolution. The vertical separation of the two balls on the left was about 8 mm, while the lateral separation of the right ball was 9 mm. When turned 45° relative with the sample holder, the separation between all three balls was about equal, or 8 mm (3.7°). Given the 2° separation achieved for Co-60 in the lab, we expected to resolve these sources easily.
The measurement was taken overnight, for about 13 h. The interplane energy spectrum was acquired, and the 2.2-MeV photopeak was used for imaging. Ten iterations of MLEM were used to generate both images (Fig. 10) , where each of the three balls is well separated in x and y. Because the sample holder was turned 45°, their separation in z direction (perpendicular to the detector planes) was about 6 mm. For this reason, two 2D images were generated at different distances from the detector: z = 125 mm (left image, focused on left balls) and z = 119 mm (right image, focused on right ball). Comparing these two images, we can see some focusing for the left two balls, but the sources are not well separated in z. This was expected, given the CC's depth resolution at 1.4 MeV was shown to be about 3 cm FWHM in the lab testing with the same reconstruction algorithm. We expect z resolution to improve significantly with a fully 3D MLEM reconstruction. Other optimization measures such as moving the detector closer to the sample and adding detector planes at orthogonal viewing angles can also mitigate the poor depth resolution. 
Spatial resolution of Ti coil with Delrin balls
The last test was performed using a 10 mm-diameter coil of Ti wire and two 3 mm-diameter Delrin balls for dualelement imaging capability. The two balls were separated about 4 mm center to center, or about 1.8°. We initially included table salt in the bag, but the count rate from Cl overwhelmed the CC. With the salt removed, the scatterplane dead time was tolerable, around 70%. The sample is pictured in Fig. 11a . Note that the Ti wire is coiled such that the top left side of the ring had two overlapping wires while the bottom right side had three.
Individual photopeaks from Ti (1.38 MeV) and H (2.22 MeV) are windowed from the interplane energy spectrum for imaging. Ten iterations of MLEM were used to reconstruct the images in Fig. 11c, d . The shape of the Ti ring is evident, but with an unexpected higher-intensity region near the bottom left. This may be due to neutron scatter from the Delrin balls, which could have enhanced the neutron capture rate at the parts of the Ti wire that were thrice overlapped (see Fig. 11a ). The image of H-capture showed the location and extent of the Delrin balls, but the two balls were not resolved. Since these balls had larger extent and were a little closer together than the Co-60 resolution tests (1.8° vs 2°), we did not expect these balls to be easily resolved. However, notice the H-capture image has three lobes rather than two; based on its location, the highestintensity peak in the middle appears to be non-physical. This is likely have been caused by noise from continuum counts, and hence, it is possible these could have been resolved if the peak-to-continuum ratio in the spectrum was higher. Figure 11b shows the overlay of the H and Ti images, with a cutoff of 50% and 30% of the image maxima, respectively. A lower cutoff was used for Ti to show the lower-intensity parts of the ring. Comparing the image in Fig. 11b to the photograph in Fig. 11a , it appears that these two materials were reconstructed near their correct relative locations.
Conclusions
A feasibility study of Compton imaging of prompt gamma rays in a cold neutron beam PGAA setting was conducted at the NCNR NGD PGAA instrument. By eliminating a significant source of background, we were able to form the first interplane images from prompt gammas using the CC. Two sources of H capture were resolved about 11 mm apart, or 4°. During this initial phase of the project, we demonstrated high-resolution Compton imaging of gammas < 3 MeV using two planes of large-volume, pixelated CZT detectors. With the planes 10 cm apart, we separated two Co-60 sources 2° apart. The intrinsic photopeak efficiency for interplane events was 0.017%. At the NDG at NCNR, we imaged prompt gammas from H, Ti, Al, and Cl. During a test of spatial resolution, the CC easily resolved two 3-mm-diameter sources of H-capture gammas about 8 mm (3.7°) apart, but was unable to resolve the same sources 4 mm (1.8°) apart. We used energy windowing to resolve element-specific images from mixed-element samples and successfully formed images of complex shapes, such as a ring of Ti.
We also showed that the number of 2.2 MeV interplane events in the CC trends linearly with H-capture rate, which is encouraging for quantification. However, a map of detector efficiency versus direction must also be measured (or calculated) for image quantification. Throughout this work, chance coincidence and incomplete energy depositions generated image bias and noise. A method to remove their contribution to the image via MLEM has already been theorized but has not yet been implemented. And although the CC's sensitivity to 3D source position was successfully demonstrated, spatial resolution in the depth direction (away from detector) was relatively poor, on the order of cm. Due to time constraints, 2D Simple Back Projection (SBP) rather than fully-3D MLEM was used to reconstruct those images. The latter should be implemented to achieve better 3D spatial resolution.
To overcome the limitation when dealing with high flux and high energy, we propose a new design of ASIC. It should have 9 MeV dynamic range to able to detect prompt gamma rays from other elements. The new design allows additional triggering mechanism so that the interaction time can be more precisely determined, with an additional external synchronization module can be used to select inter-plane coincidence events. It should be achievable to have a timing resolution of 50 ns at 662 keV with this design. With this timing resolution, the signal to noise ratio can be improved significantly from the current CC. We also propose the ASIC to have a fast-forward readout mode for the non-triggered pixels so that the dead time can be reduced. It might also be possible to use a faster ADC chip to further reduce the system readout dead time so that the maximum count rate can be doubled, up to 70 kcps for the back plane and 50 kcps for the front plane with subpixel sensing enabled.
